Several 50 to 70S tumor viral RNAs have previously been shown by electron microscopy to be dimers, with the two monomer subunits joined near their 5' ends. Five additional naturally occurring type C RNA tumor viruses have now been examined: AKR, an endogenous murine ecotropic virus; NZB, an endogenous murine xenotropic virus; an ecotropic and an amphotropic virus isolated from a wild mouse; and the avian reticuloendotheliosis virus (REV). All five 50 to 70S RNAs have similar 5'-to-5' dimer structures. Therefore, the observations support the hypothesis that the dimer linkage is a structural feature common to all type C mammalian viruses. REV is the first example of an avian virus with a clear 5'-to-5' dimer linkage. All of the mammalian viral RNAs, but not REV, showed symmetrically placed loops in each subunit of the dimer. Possible molecular structures and biological functions of the dimer linkages and loops are discussed.
The first 50 to 70S RNA from a tumor virus to be studied by electron microscopy in this laboratory was that of the endogenous cat virus, RD-114. The RNA was observed to be a dimer of two monomer subunits, each 10 kilobases (kb) in length, and the two monomers were joined together close to their 5' ends in a structure termed the dimer linkage structure (2, 23) . The choice of RD-114 was a fortunate historical accident, in that the dimer linkage of RD-114 RNA is more stable to dissociation than most other viruses we have studied, and so the dimer structure is usually maintained under the partially denaturing conditions needed to extend the RNA for spreading in a basic protein film. Subsequent studies demonstrated very similar RNA dimers for BKD, an endogenous baboon virus (24) ; for WoMV, a sarcoma virus complex isolated from a woolly monkey (24) ; for the Friend murine virus mixture (9) ; and for Moloney murine leukemia virus (MuLV) and two variants of Moloney sarcoma virus (MSV) (20, 25) . The dimer linkage of BKD is as stable to dissociation as that of RD-114, but for all the other viruses the linkage is considerably less stable and can be preserved only by relatively mild denaturation conditions of spreading for electron microscopy; under these conditions, many RNA molecules are not fully extended and are difficult to interpret. Nevertheless, many dimers with the same general structural features as RD-114 are seen on the grids. By contrast, avian sarcoma virus (ASV) RNA (Prague C, Prague B, and B77 strains of ASV have been examined), treated with the same mild denaturation conditions, does not show any reproducible dimer structures (2) .
It was of interest to examine the RNAs of other tumor viruses to see how universal the dimer structure is and to attempt to correlate the variations in secondary structure features of the RNAs with other differences among the viruses in their sequences or biological properties. The RNAs from four naturally occurring murine and one avian virus are described here; they all have the 5'-to-5' dimer linkage.
MATERIALS AND METHODS
Virus. The AKR-L1 strain of ecotropic MuLV, originally isolated from a leukemic AKR mouse (13) , was propagated on secondary NIH Swiss mouse embryo cells (8) . NZB virus was originally isolated by treating a cell line (NZB-Q) derived from a New Zealand Black mouse embryo with 5-iododeoxyuridine (NZB-Q-IU-1) and then co-cultivating these cells with mink lung fibroblast cells (12, 17) . The NZB virus used here was propagated on these mink cells, the CCL64 line (17) . The wild mouse viruses were produced by cultured embryo cells from a wild mouse trapped near 888 Los Angeles, Calif. (strain no. 1504). The ecotropic MuLV viral strain (1504-E), which grows only on mouse cells, and the amphotropic MuLV viral strain (1504-A), which grows on species of origin and on other mammalian cells, were cloned by limiting dilutions of the original virus stock onto mouse, rabbit, mink, or human cells (5) . Both wild mouse viruses were grown on SC-1 cells, a line obtained from a wild mouse embryo (11) . Reticuloendotheliosis virus (REV) strain T (27) was propagated on quail embryo cells.
Preparation of viral RNA. Viruses were pelleted from the cell supernatant, in some cases banded in sucrose, and then extracted with phenol or phenolsodium dodecyl sulfate as previously described (24) . The RNA was sedimented through a sucrose gradient (10 to 30% in 0.1 M NaCl-0.01 M Tris-0.001 M EDTA), and the 50 to 70S peak was used for microscopy.
Electron microscopy. 50 to 70S viral RNA was treated with glyoxal (1 M glyoxal-0.01 M P04, pH 7.0) for various times, dialyzed, hybridized with simian virus 40 (SV40)-poly(dT), and spread from 40% formamide as previously described (2) . Alternately, the treated RNA was hybridized to SV40-polydeoxybromouridine [poly(dBrU)] and spread from 50% or 55%
formamide (25) . Molecules were photographed and measured; the magnification was calibrated using the SV40 circles as internal length standards (SV40 contour length taken as 1.76 pm). RNA Table 1 ) which reflected these multiple or alternate loop junction points. The position of the midpoint in the loop, however, is a much more reproducible measurement (Table 1) . Thus it appears that there are multiple pairs of sites that can be bound together, each pair being symmetrically placed relative to a fixed center point of the loop. Any one pair may or may not be joined in a particular molecule as mounted for electron microscopy. NZB virus. The dimer linkage and the other secondary structure features of NZB dimers were much more stable to denaturation by glyoxal than those of any other murine viral RNA we examined. After treatment with glyoxal at 370C for 30 min or 1 h, the 50 to 70S RNA molecules were mostly too condensed and tangled to interpret. Therefore, the NZB RNA was treated at higher temperature (0.5 h, 420C) before spreading. A dimer molecule with both poly(A) ends hybridized to SV40-poly(dBrU) is shown in Fig. 2B . Even after the harsher glyoxal treatment, the RNA was still a dimer and showed somewhat more secondary structure, in the form of small loops and hairpins, than the other murine viral RNAs. NZB RNA dimers had the large loops in each subunit, and, as in the loops in AKR RNA, there appeared to be multiple cohesive sites for loop formation, all defining approximately the same loop midpoint (Fig.  4B) . The NZB dimer structure is diagramed in Fig. 3 , and quantitative data on contour lengths are presented in Table 1 .
Wild mouse virus. The RNAs of two different types of RNA tumor virus isolated from wild mice, designated ecotropic and amphotropic to indicate their host ranges, were also examined. The 50 to 70S RNA of each virus was spread for microscopy after treatment with glyoxal at 370C for 1 h in the presence of 0.1 M NaCl. An example of each dimer is shown in Fig. 2 . The monomer subunits of the dimer usually had the characteristic large loop. These loops did not show the multiple cohesion sites as seen in AKR or NZB, although they frequently had two pairing sites (see the left loop of Fig. 2C and the right loop of Fig. 2D ) to form a small asymmetric loop at the base of the larger one. The wild mouse viral dimer structures are diagramed in Fig. 3 , and measurements are included in Table   1. REV. REV 50 to 70S RNA was treated with glyoxal (370C, 30 min) and spread from 50% formamide. A dimer with both poly(A) ends attached to SV4O-poly(dBrU) is shown in Fig.   2E . The monomer subunits frequently had small loops (about 1 kb in circumference) or short hairpins, but these features were not reproducible in position. In particular, there was no evidence of the larger symmetrical loops in each subunit as seen in all mammalian viruses.
Thermal melting of dimers. In spite of the fact that B77 ASV dimers have about the same melting temperature (600C) as do the several murine viruses (other than NZB) of Fig. 3 , all of which have the characteristic 5'-to-5' dimer structure, we have not been able to recognize any reproducible dimer linkage structure in the 50 to 70S RNA of the standard avian sarcoma viruses. On the other hand, REV, which belongs to a different family of avian viruses (21), does have_a dimer structure, although it does not have the characteristic large loops. (22) and since incubation of purified MSV RNA dimers with proteinase K and sodium dodecyl sulfate does not change their thermal dissociation temperature (60°C, Fig. 3 (Fig. 5) In most murine viral RNAs, the base of the loop is held together at two or more points; this was most obvious for Friend virus (9) and for AKR and NZB as reported here. In BKD, the monomer RNA was often held together again between a point close to the 3' end and one close to the 5' end (24) . In NZB, such multiple associations between the 3' region and the 5' region were often seen (as in Fig. 4B ), although the junction points were not reproducible. This multiple pairing of the monomer with itself suggests that in the virion each monomer is folded back on itself. Such a configuration would bring the 3' ends close to the dimer linkage, and transcription initiated at the primer near the 5' end could then more easily jump to a 3' end. Alternatively, or in addition, the loop structures we see could, if they also exist in viral mRNA, be important for translation control.
Finally, it is important to emphasize that the RNA molecules studied here have been partially denatured to extend them for microscopy. There are probably other associations in the virion, weaker than the dimer linkage or loop junctions, which are always disrupted by these techniques. Indeed, the absence of a dimer linkage structure in ASV may be because the structure is slightly more sensitive to glyoxal than those of mammalian viruses. A more detailed picture of the native structure of viral RNA may possibly be obtained by chemically or photochemically cross-linking the RNA in the virion, extracting and spreading the RNA for electron microscopy under highly denaturing conditions, and then systematically mapping the points of cross-linking.
